Peak power in the range of 1.83-7.68 kW with pulse duration between 2.9 and 4.2 ns and energy up to 24 lJ was obtained. The output characteristics for different transmissions of the output couplers were investigated. To show the improvements gained by the thermal bonding procedure, a comparison of thermally bonded and unbonded samples was done in terms of generation efficiency, peak power, beam quality, generated spectra and pulse to pulse jitter.
Introduction
Microchip eye safe lasers which generate wavelength around 1.5 lm are attractive for telecommunication, ranging and sensing, because of their simplicity and good beam quality. Recently the use of these lasers in teledetection systems (rangefinders/Lidar) has largely increased. Thus there is an intensive research work to improve the output performances of the microchip eye safe lasers, especially the peak power and the beam quality [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
The most efficient active media used in eye-safe microchip lasers is glass doped with erbium and ytterbium ions (Er 3+ [6, 7, 14] .
The highest peak power generated by such microchip laser was equal to 2.2 kW with pulse energy 5.06 lJ [14] . However it was characterized by relatively high generation threshold equal to 750 mW. One of the way to increase the peak power and the pulse energy can be thermal bonding of Er 3+ ,Yb 3+ :glass with
In this paper pulse generation of thermally bonded Er :MgAl 2 O 4 microchip lasers is reported. The peak power of 7.68 kW with pulse energy 22 lJ and pulse width 2.9 ns was achieved. To give legitimacy to thermal bonding the output characteristics of the thermally bonded samples were compared to the output characteristics of the unbounded samples.
Experimental
Four samples of Er 3+ ,Yb 3+ :glass were thermally bonded with four samples of Co 2+ :MgAl 2 O 4 . The length of the glasses was equal to 1.90 mm which according to [16] is in the range of optimal value. On the basis of optimization procedure presented in [17, 18] the small signal transmission of saturable absorbers was chosen to be 97.50% giving the length equal to 0.29 mm. The cross section dimensions of the samples were 4 Â 4 mm. Both sides of thermally bonded samples were polished. A dichroic plane-parallel input mirror with antireflection coatings at 976 nm on both sides (AR@976 nm) and high reflection coatings at 1535 nm (HR@1535 nm) on one side was used. As output couplers (OC) four different mirrors with partial reflection at 1535 nm (PR@1535 nm) were used (R = 98.70%, 98.15%, 97.64%, and 96.49%). The length of the cavity was determined by the length of the investigated samples which was approximately 2.19 mm. In case of unbonded samples the length of the glass was also equal to 1.9 mm. It was coated on one side by antireflection coatings at 976 nm (AR@976 nm) and high reflection coatings at 1535 nm (HR@1535 nm) and on the other side by antireflection coatings at 1535 nm (AR@1535 nm). The saturable absorber used in this case had the same small signal transmission equal to 97.5% and approximately the same length. As output coupler the same mirrors were applied. The length of the cavity was also approximately the same.
A fiber coupled laser diode operating at 976 nm wavelength at 25°C with the core diameter equal to 100 lm was used. The samples were end pumped using focusing optics with focal length equal to 10 mm. To avoid thermal damage of the samples a quasi 
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The generation investigations were carried out in the experimental setup presented in Fig. 1 . Table 1 shows the results of pulse generation in the thermally bonded samples using output coupler OC with different reflection R. The output peak power P p was between 1.81 and 7.67 kW which is much higher than the previously reported results of pulse generation using Er/Yb:glass/crystal and Co 2+ :MgAl 2 O 4 as saturable absorber [12] [13] [14] [15] . The pulse duration T p was relatively short (2.92-4.20 ns) which was due to the low internal losses and short physical length of the cavity [19] . The maximum slope efficiency equal to 14.81% was obtained from sample 1 where we reached Unbonded sample R=98.70% Fig. 2 . Average output power versus the average pump power incident on the active media for bonded and unbonded samples. Fig. 3 . Pulse train and pulse shape for thermally bonded sample 2 for P p = 450 mW and R = 97.64%.
Results and discussions
an average output power of 13.14 mW for the pump power 392 mW. Pulse energy E, power threshold P th and pulse repetition rate at P p = 375 mW are also presented in Table 1 . Fig. 2 shows the average output power versus the average pump power incident on the active media for all samples. The shortest measured pulse and the pulse train for P p = 450 mW for sample 2 are shown in Fig. 3 . To show the improvements gained by thermal bonding, in Table 2 we presented the results of pulse generation in identical active medium Er Due to the internal losses inside the cavity using unbonded sample, the pulse generation was achieved only for the output coupler characterized by 98.70% reflection. The pulse duration obtained was 19.6 ns, which was several times longer than that from bonded samples. In Fig. 4 the comparison of the pulse generated by the unbounded sample with the one generated by bonded sample 3 (characterized by lowest threshold) was shown. The peak power was 0.35 kW which was several times lower than that of the bonded samples. Also the bonded samples have better slope efficiency and lower threshold. Fig. 5 shows the generated spectra of the bonded and unbonded samples. The unbonded sample generated two competitive modes around 1534.58 nm and 1535.42 nm, whereas the bonded samples generated only one mode around 1535.20 nm.
Using a slit beam profiler the output beam diameter was measured at different distance from a focusing lens of 125 mm focal length and the results were fitted by the Gaussian beam propagation expression. The results obtained for pump power 355 mW are shown in Fig. 6 . The calculated M 2 parameter (average of M 2 x and M 2 y ) of the unbonded sample is 1.95 and that obtained for the Table 2 Generation parameters of unbounded sample. bonded sample 3 is 3.15. This is probably due to some physical inhomogeneities in the bounding area. The beam quality could be improved using better pumping optics to reduce the pumped area to the TEM00 mode.
The pulse to pulse jitter was also compared. Fig. 7 shows the pulse jitter versus repetition rate for the bonded sample 3 and unbounded sample. As expected the pulse jitter decreases for higher repetition rate [20] . For the same repetition rate the bonded sample shows lower pulse jitter especially for lower repetition rates.
Conclusion
Enhanced performance of q-switched microchip lasers was demonstrated using Er, Yb doped glass thermally bonded with Co:MALO saturable absorber. The maximum achieved peak power was 7.68 kW which is the highest so far reported generated by passively q-switched microchip laser using glass doped with erbium and ytterbium ions thermally bonded with saturable absorber Co 2+ :MgAl 2 O 4 . Comparison to the unbonded sample showed that the peak power and the efficiency were greatly improved due to lower internal losses in thermally bonded samples. The threshold was also decreased. 
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unbonded sample thermally bonded sample Fig. 7 . Pulse jitter versus pulse repetition rate for bonded and unbonded samples.
